Based on ultrastructural analysis of actively transcribing genes seen in electron micrographs, we present evidence that pre-mRNA splicing occurs with a reasonable frequency on the nascent transcripts of early Drosopbila embryo genes and that splice site selection may generally precede polyadenylation. The details of the process observed are in agreement with results from in vitro splicing systems but differ in the more rapid completion of in vivo splicing. For those introns that are removed cotranscriptionally, a series of events is initiated following 3' splice site synthesis, beginning with ribonucleoprotein (RNP) particle formation at the 3' splice site within 48 sec, intron loop formation within 2 min, and splicing within 3 min. The initiation of the process is correlated with 3' splice site synthesis but is independent of 5' splice site synthesis, the position of the intron within the transcript, and the age or length of the transcript. In some cases, introns are removed from the 5' end of a transcript before introns are synthesized at the 3' end, supporting a possible role for the order of transcription in splice site pairing. In general, our observations are consistent with the 'first-come-first-served' principle of splice site selection, although an observed example of exon skipping indicates that alternative splicing possibilities can be accommodated within this general framework.
With the development of in vitro splicing systems, a great deal has been learned about the molecular bio chemistry of intron excision from eukaryotic nuclear mRNA precursors (for reviews, see Green 1986; Padgett et al. 1986; Maniatis and Reed 1987) . During the first step of splicing, cleavage at the 5' splice site is coupled to lariat formation within the intron. The lariat is formed by the covalent linkage of the 5' end of the in tron to an A residue at the branch site, located 18-37 nucleotides upstream of the 3' splice site. In the second step, the two exons are ligated and the intron is released as a lariat. The existence of a bipartite intermediate not only requires that the exons be brought together and ac curately positioned, but also held together for ligation. A multicomponent ribonucleoprotein (RNP) complex termed the spliceosome serves this purpose (Brody and Abelson 1985) . Conserved sequences at the intron boundaries and branch site function to assemble the spliceosome, through interactions with required factors, which are predominantly the abundant Sm class of small nuclear ribonucleoproteins (snRNPs) (Ul, U2, U5, U4/U6 snRNPs; for review, see Steitz et al. 1987) . Sphceosome assembly is a stepwise process involving depo sition of proteins and snRNPs at the ends of the intron followed by the stable association of the two ends to form the splicing complex (Frendewey and Keller 1985; Konarska and Sharp 1986; Bindereif and Green 1987; Cheng and Abelson 1987) .
There have been many in vivo studies consistent with the above splicing mechanism, including the demonstra tion of lariat intermediates (Domdey et al. 1984; Rodri guez et al. 1984; Zeitlin and Efstratiadis 1984; Keohavong et al. 1986 ), participation of Ul snRNPs (Bozzoni et al. 1984; Fradin et al. 1984; Zhuang and Weiner 1986) , and association of a factor with the branch site (Patton and Chae 1985) . We use an in vivo ultrastructural ap proach, the Miller chromatin spreading technique, for analysis of the RNP structure of nascent heterogeneous nuclear RNA (hnRNA) transcripts. In these prepara tions, transcripts occur as smooth RNP fibrils with a width of ~5 nm. Stable RNP particles, ~25 nm in diam eter, interrupt this fibril and occur at nonrandom and specific sites on the transcripts of a given gene (Beyer et al. 1980) . In some cases, on more mature transcripts, pairs of nearest neighbor particles become stably asso ciated to form larger particles of ~40 nm, looping out the RNA sequence between them (Beyer et al. 1981 ). The two 25-nm particles that coalesce can be originally spaced by ^100 nucleotides or as much as 25 kb of RNA (Beyer 1983; Osheim et al. 1985) . In some of the genes exhibiting loop formation, the loops are specifically re moved (Beyer et al. 1981 ) in a process that we believe represents splicing. Direct evidence in support of that is the occurrence of RNP particles specifically at splice junction regions on the three genes that we have been able to identify in chromatin spreads; the s36 and s38 Diosophila chorion genes (Osheim et al. 1985) and the adenovirus major late transcript leader region (A. Beyer, in prep.) . On the chorion transcripts, the two 25-nm par ticles at the splice junctions become stably associated to form a larger ~40-nm particle while the transcripts are nascent. The smaller and larger particles presumably represent in vivo ultrastructural correlates to spliceosome intermediates and spliceosomes, respectively.
Indirect evidence that we are observing spliceosome formation and splicing comes from the details of the pro cess we observe and their correspondence to results from biochemical studies of splicing in vivo and in vitro. These details, which have either been reported pre viously (Beyer et al. 1981; Beyer 1983) or will be reported herein, include (1) the frequent observation of the phe nomenon; (2) the range in loop length, which is consis tent with the known intron length range; (3) the deposi tion of RNP particles at either end of the segment to be excised but not in between (cf. Black et al. 1985; ; (4) the importance of the 3' splice re gion in initiating spliceosome assembly (cf. Frendewey and Keller 1985; Cheng and Abelson 1987; Kramer 1987) ; (5) the possibihty for the coexistence of more than one spliceosome per transcript (cf. Christofori et al. 1987) ; (6) the preferred but nonobhgatory order for intron removal (cf. Zeitlin and Efstratiadis 1984; Hager 1987) ; and (7) the removal of the bulk of the spliceosome particle with the excised intron (cf. Konarska and Sharp 1987) . Other consistent observa tions are the presence of Sm-snRNPs at transcriptionally active chromosomal sites (Sass and Pederson 1984; Fakan et al. 1986 ) and the paucity of loop structures on transcripts from heat-shocked Diosophila embryos (Y. Osheim, A. Knight, and A. Beyer, unpubl.) , as splicing is disrupted by heat shock (Yost and Lindquist 1986) . The combined evidence is compelling that we are visualizing spliceosome assembly and splicing in vitro. Based on this premise, we are able to discern temporal parameters of the process. Perhaps our most interesting observation is the rapid and cotranscriptional selection of splice sites, in agreement with the first-come-first-served prin ciple of Aebi et al. (1986) and the imphcations this may have concerning the appropriate pairing of splice sites in vivo.
Results
The genes analyzed are unidentified transcription units from Diosophila melanogastei early embryos. They are presumed to be polymerase 11 transcription units, be cause they clearly differ in morphology from nucleolar genes (Miller and Beatty 1969) and are longer than ex pected for polymerase 111 genes. The RNP structures seen are not peculiar to this developmental stage or or ganism. Similar structures have been seen on a wide va riety of polymerase II transcripts, including those from HeLa cells.
For most transcription units visualized, there appear to be discrete initiation and termination sites, and the transcripts increase regularly in length, as expected.
from the initiation to the termination end of the gene. In some transcription units, however, including those shown here, some of the transcripts are shorter than ex pected for their position on the template. In a previous report, we argued that it was unlikely that these tran scripts had initiated at an alternative promoter, and we showed that transcript shortening was not random, but, rather, was due to the removal of looped out segments of RNA (Beyer et al. 1981 ). This and other evidence pre sented in the introduction indicate that we are visual izing splicing. Although it is difficult to quantitate in formation from chromatin spreads, we reanalyzed 99 examples of Diosophila embryo polymerase II transcrip tion units that we had available from previous studies unrelated to RNP structure and RNA processing. Eighty-five percent displayed 25-nm RNP particles, 46% displayed loop formation, and at least 14% displayed loop removal. Thus, the visualization of loop formation and removal is not an extremely rare event.
The transcription unit analyzed in Figure 1 displays the basic phenomenon. Transcript 28 has an RNP loop (intron) near its 5' end, with a large loop-base particle (spliceosome). Transcript 27 is much shorter than ex pected for its position on the template and has appar ently been spliced. That is, the length missing on 27 cor responds to the length of the loop on 28 and also to the distance between 25-nm particles (spliceosome interme diates at 5' and 3' splice sites) on transcripts 23-26. A gene map is shown at the bottom of Figure IC , illus trating our proposed exon-intron structure for the tran scripts of this gene. There may be a second small intron at the position of the second large particle, as indicated. When the introns are short (-250 nucleotides or less), an intron loop cannot be seen in these preparations (Osheim et al. 1985) .
It is a general observation, as was shown for the chorion transcripts (Osheim et al. 1985) and as is seen in Figure 1 and subsequent figures, that a 25-nm particle assembles at the putative 3' splice site very shortly after its synthesis. Because these particles cover a minimum of -100 nucleotides (Osheim et al. 1985) and because the branch site and 3' splice site are within 37 nucleo tides of each other (Konarska et al. 1985; Reed and Maniatis 1985; , we cannot resolve whether separate factors are deposited at the two sites, as has been shown to occur in vitro Chabot et al. 1985; Ruskin et al. 1988) .
Note from the RNP fibril map (Fig. IC) that the 25-nm particle does not assemble at the presumed 5' splice site until the 3' splice site is synthesized and assembled into an RNP particle (starting with transcript 21). There is, however, an indication that the 5' splice site is recog nized prior to this, perhaps by a smaller or less stable factor, because nine of the less mature transcripts (1-20) display an irregularity (small particle or hairpin looplike structure) near the proposed 5' splice site. These first 20 transcripts exist predominantly as -5-nm-wide RNP fi brils with little secondary structure, which is the gen eral and primary level of RNP packaging observed in these preparations. Occasionally, additional particles are seen on the transcripts at positions that do not corre spond to presumptive 5' and 3' splice sites, as judged by the complete analysis of the gene (e.g., transcripts 7, 10, and 15, Fig. 1 ). These particles generally occur at dif ferent positions on different transcripts, are usually ^20 nm in diameter, and may represent some remnant of the disrupted higher order RNP structure unrelated to splicing.
A final general observation from Figure 1 is that the bulk of the large 40 nm particle, which is present at the base of the loop before intron removal, is lost from the nascent transcript upon splicing. That is, transcript 27 displays only a very small particle (arrowhead in Fig. 1 A) in the region of proposed intron excision.
As shown in Figure 1 , the assembly of a 25-nm particle at the 5' splice site did not occur until the synthesis of the 3' splice site. Figure 2 demonstrates the same phe nomenon on introns of different lengths, indicating that RNP particle assembly correlates with transcription of the 3' splice site and not with the age or length of the transcript. In Fig: ure 2A-C, the 3' splice site particle for the large intron first appears on transcript 4. The three previous transcripts, although quite long, lack 25-nm 5' splice site particles (but do exhibit some irregularities in the region), whereas the three subsequent transcripts have either a 5' splice site particle or a looped intron plus spliceosome. In Figure 2D -F, the transcripts have at least two, and possibly three, introns. The first two introns are rather short and approximately the same length (-0.9 kb). Both demonstrate the rapid assembly of spliceosome intermediates at both junctions shortly after synthesis of the 3' splice site, just as the longer in trons in Figure 1 (~3 kb) and Figure 2A (-7.6 kb) did. The two RNP fibril maps in Figures 2C and F have been drawn to the same scale to emphasize the difference in intron lengths.
In Figure 3 , we have plotted the first occurrence of the 3' splice site RNP particle, 5' splice site RNP particle, loop formation, and loop removal as a function of dis tance traversed on the template from the site of syn thesis of either the 5' or 3' splice site. The sample in cludes 14 introns occurring on 8 genes; the introns range in length between 0.14 and 1.79 |uim (or -0.6-8 kb). Nine of these introns occur on the genes in Figures 1, 2 , 5, and 6, and the rest on genes not shown. There is an excellent correlation between each each of the four phe nomena and synthesis of the 3' splice site, with correla tion coefficients (r) greater than 0.9 ( Fig. 3E-FI) , and a much poorer correlation with the synthesis of the 5' splice site (r between 0.59 and 0.75) (Fig. 3A-D) . The assembly of the structures we visualize follows shortly after the synthesis of the 3' splice site. The time of as-splicing in vivo sembly is not obviously influenced by the synthesis of the 5' splice site, the age or length of the transcript, or the position of the intron within the transcript. The yintercepts of the best fit lines for the four graphs on the right ( Fig. 3E-H ) represent the typical distance in mi crometers traversed on the DNA template between 3' splice site synthesis and the first occurrence of the phe nomenon on a nascent transcript. Table 1 lists these in tercepts and shows that 3' splice site particle formation precedes 5' splice site particle formation, which pre cedes intron looping, which precedes splicing. If the dis tances in micrometers are converted to time after syn thesis of the 3' splice site, it is found that the first par ticle is deposited within 48 sec and splicing is complete within 3 min. These should be considered maximum values because the maximum DNA compaction was as sumed in converting these average distances from mi crometers to kilobase pairs (4.8 kb/fxm; see Methods) and because our approach, which records the first occur rence of the phenomenon on a transcript, is limited by the number of transcripts on these less than fully tran scribed genes. The chorion genes analyzed previously are maximally loaded with RNA polymerases (Osheim et al. 1985) . On the s38 chorion genes, the first 25-nm particle at the 3' splice region is formed on average at -0.1 [xm, and the first 40-nm particle (the equivalent of loop for mation) at -0.42 )jLm after synthesis of the 3' splice site. These values convert to 13 and 55 sec after 3' splice site synthesis, respectively, (using the appropriate conver sion factor of 3.3 kb/|xm; Osheim et al. 1986) probably at the lower end of the time range for splicing complex formation that we are able to resolve. (The chorion data are included in Fig. 3E -G as open circles but were not used to derive the least-squares equations.) Assuming an elongation rate of 1500 nucleotides per min at 25°C (Kafatos 1972; Mann 1986 ), the 1950 nu cleotide s38 transcripts finish transcription after -80 sec, or 64 sec after 3' splice site synthesis. We only rarely see the 40-nm particle removed from the nascent chorion transcripts and thus suspect that the final splicing of these transcripts typically occurs after 64 sec, which would be entirely consistent with the results in Table 1 .
Our chromatin spreading conditions have hypotonically disrupted cells and the native structure of the RNP. Based on the dependence of 5' splice site particle forma tion on 3' splice site synthesis, it is probable that the two sites are in contact in vivo, but still separable by chromatin dispersal conditions, perhaps because they are not yet linked covalently by branch formation. If we prepare our spreads at pH 7.5-8 instead of pH 9, we still observe chromatin dispersal, but the RNA transcripts appear as compact RNP granules of 50-60 nm, closely associated with the deoxyribonucleoprotein (DNP) tem plate, as shown in Figure 4 . This structure is reminis cent of the native configuration of Chironomus BR2 transcripts (Skoglund et al. 1983) and is undoubtedly more representative of the native structure of nascent RNA than the dispersed fibril seen in a typical Miller spread. Such a configuration, in which the entire length of a transcript is contained within a small area, yet in a predominantly single-stranded form due to the primary RNP packaging, might allow the rapid scanning of intra molecular sequences for cognate splice junctions and would discourage intermolecular splicing.
Our observation that splice site selection and splicing can occur on nascent transcripts within minutes of tran scription suggests that the 5'-most introns may be com- (Kafatos 1972; Mann 1986 ). <* Values obtained for three s38 chorion genes, using the known compaction ratio of 3.3 kb/jjim (Osheim et al. 1985 (Osheim et al. , 1986 and assuming an elongation rate of 1500 nucleotides per min at 25°C. mitted to splicing, or spliced, before downstream introns are synthesized. We do, indeed, observe this phe nomenon, which indicates that the order of transcription might be a factor in the orderly pairing of appropriate splice junctions in a long transcript (cf. Aebi et al. 1986 ). The micrograph in Figure 5 shows two copies of the same gene on newly replicated sister chro matids. Such paired genes are seen frequently when the chromatin of early cellular blastoderm Drosophila em bryos is prepared for electron microscope (EM) visualiza tion (McKnight and Miller 1979) . The RNP fibril maps for the two gene copies have been combined on the same graph (Fig. 5C ), which serves to show their identical pro cessing patterns. These genes are relatively long, mea suring 4 fxm, or ~ 19 kb, and have at least five introns, as shown on the proposed transcript map (Fig. 5C ). The plateau shape of the graph of RNP fibril length vs DNP position (Fig. 5C, inset) is due to the observation that RNA sequences are being spliced at the 5' end as fast as they are being synthesized at the 3' end. Transcripts 5 and 7 have excised intron 1 prior to synthesis of introns 4 and/or 5. The splicing proceeds generally, but probably not obligatorily, in a 5'-^3' direction, (e.g., based on loop size, transcript 8 has apparently lost intron 3 prior to intron 2). Splicing complex formation and splicing are occurring at the same rate on these transcripts as on other transcripts reported in this paper, but splicing ac tivity appears greater due to the length of the genes and the large number of ultrastructurally distinguishable in trons.
Another pair of sister chromatid transcription units, shown in Figure 6 , displays an apparent example of al ternative splicing, specifically exon skipping. The -4.9-kb loop (transcript 1') and the ~2.9-kb loops (transcripts 4 and 3') flank a small exon, which occurs in the middle of the long intron loop in transcript 4'. Interestingly, in transcript 4', where the second exon is being skipped by the spHcing process, it is not marked by any RNP par ticles (arrow in Fig. 6A ). Thus, there is no violation of the 'no particles within loops' rule (Beyer et al. 1981 ), even at presumptive splice junction sites, consistent with the notion that the 25-nm particles represent a commitment to splicing. (Although we cannot deter mine the 5' -> 3' direction of the RNA within the loop, measuring in either direction from the loop base reveals no unusual ultrastructure at the sites that are particu late on neighboring transcripts. This does not, however, rule out the possible presence of a trans-sicting protein factor at the skipped junctions, whose presence may pre vent snRNP binding.) For the genes in Figure 5 , we discussed how the order of splice site synthesis may influence splicing options. Clearly, the strictest interpretation of such a model is inappropriate, as has been shown previously by several biochemical studies of splicing in vivo (e.g., Mitchell et al. 1986 ) and as is shown for transcript 4' in Figure 6 . It is worth nothing, however, that on five of the six tran scripts for which the splicing choice can be discerned (r-4', 4, 5), the first-come-first-served rule is obeyed. The pattern in Figure 6 , in fact, can be interpreted to be that the small exon is skipped only when the first intron is still present on the nascent transcript and that the critical choice is whether or not the first 3' splice site (at the end of the ~4.9 kb intron) is 'selected' by the splicing machinery (cf. Falkenthal et al. 1985; Bemstein et al. 1986 ).
We do not know the identity of the gene pair in Figure  6 and cannot determine whether the splicing of tran script 4 represents a productive altemative splice or a splicing mistake. However, such patterns of altemative splicing have been seen biochemically (e.g.. King and Piatigorsky 1984) and are categorized as cassette exons that are regulated stochastically (Breitbart et al. 1987 ). Our results suggest that when a homogeneous cell popu lation produces altematively spliced transcripts from a gene, the different splicing patterns can be transcript specific rather than gene or cell specific.
Two other explanations for the observed transcript pattern in Figure 6 can be considered. First is the possi bility that the small exon 2 does not exist and that the 4.9-and 2.9-kb loops represent the stepwise removal of the large intron. There is, however, considerable evi dence for one-step intron excision and against stepwise intron removal (for discussion, see Zeitlin and Efstratiadis 1984; Keohavong et al. 1986) . Second is the possi bility of two altemative promoters, with transcript 1' representing use of the first and transcript 4 representing use of the second. We consider this explanation unlikely because alternative promoters are typically tissue or stage specific and because the entire transcript pattem can be explained very satisfactorily by the phenomena of loop formation and removal, just as on the other genes reported in this paper. Even if two promoters are being used on the genes in Figure 6 , transcripts 1' and 4' still display altemative splicing of transcripts from the same promoter (i.e., use of two 3' splice sites for the same 5' splice site), and our conclusions regarding the function of 25-nm particles remain the same.
Discussion

Visualization of splicing in vivo
In this paper, we deduce kinetic and structural param eters of the in vivo splicing process, based on the as sumption that the ultrastructure observed represents splicing on unidentified transcripts. The assumption is supported by the occurrence of the same ultrastructure specifically at splice sites on Drosophila chorion genes (Osheim et al. 1985) , by the details of the process, and by additional indirect evidence discussed in the introduc tion.
In a previous report on the phenomenon of loop re moval, we referred to the process as cleavage of nascent transcripts but discussed that it was difficult to distin guish between cleavage and splicing (Beyer et al. 1981) . The RNA loops that are most amenable to analysis are large and occur near the 5' ends of the transcripts. When loop removal occurs, it is difficult to determine whether the relatively short 5' exons are spliced onto the re maining transcript or cleaved off with the loop, espe cially given the differences in RNP compaction between different transcripts. The genes reported in this paper have short but distinguishable 5' exons. Length mea surements are more consistent with their retention on the nascent transcripts rather than with their removal with the loops (Fig. 1, 2F, 5, 6 ). In addition, in Figures 5 and 6, the 5' tails tend to lengthen as loops are removed, as expected from the splicing of additional small exons. Finally, two unambiguous examples of intemal loop re moval preceding 5' terminal loop removal have been mapped on insect genes (Hager 1987; A. Beyer, M. Jamrich, and Y. Osheim, in prep.) (possibly also tran script 8 in Fig. 5 ), clearly indicating splicing rather than cleavage of transcripts.
RNP structure of nascent polymerase II transcripts
EM visualization of dispersed chromatin yields a simple picture of the RNP packaging of polymerase 11 tran scripts: a rather uniform linear RNP fibril that is inter rupted at nonrandom positions with larger RNP par ticles. In vivo, this structure is presumably wound into a much more compact structure ( Fig. 4 ; Skoglund et al. 1983) , which allows the rapid scanning of intramole cular sequences for cognate splice jimctions. The pro teins responsible for the fibrillar RNP structure are de posited on the RNA at the DNA-RNA transcription fork and are presumably responsible for stabilizing and condensing the RNA and suppressing intramolecular base-pairing (cf. Solnick and Lee 1987) . We suspect that the proteins responsible are the core hnRNP proteins (for review, see Chung and Wooley 1986) , which are known to bind stoichiometrically (Lothstein et al. 1985) and without sequence specificity to hnRNA (Pullman and Martin 1983; Wilk et al. 1983 ). In addition, the basic hnRNPs are present on nascent transcripts (Fakan et al. 1986), have helix-destabilizing properties (Thomas et al. 1981; Cobianchi et al. 1986; Kumar et al. 1986; Lahiri and Thomas 1986; Riva et al. 1986) , and form fibrillar structures on RNA under certain conditions (Nowak et al. 1980; Conway et al. 1988 ). In the particulate form of hnRNP, 700 nucleotides of RNA are packaged per par ticle (Conway et al. 1988 ), as opposed to the 100-150 nucleotides in the 25-nm splice junction particles. In previous reports (Beyer et al. 1980 (Beyer et al. , 1981 , we proposed that the 25-nm particles on nascent transcripts were a subset of particularly stable hnRNP particles because of their similarity in size to isolated hnRNP particles (Beyer et al. 1977 ) and because they were larger than the single snRNPs (-12 nm diameter; Spector et al. 1983 ), which were known at that time to be present at splice junction sequences (Osheim et al. 1985) . With the knowledge of additional snRNP involvement in the splicing complex ) and com pelling evidence that the particles occur at splice junc tion sequences (at least in those cases where loops even tually form), we now suspect that the stable 25-nm particles are spliceosome intermediates consisting pri marily of snRNPs and other required splicing factors. A reasonable interpretation of the ultrastructure is that hnRNPs are present in these particles inasmuch as they coat the entire length of the transcript, serving as the 'scaffold' or 'operating table' (Dreyfuss 1986 ) for splicing, but it is not necessary to invoke their additional presence based on particle size. Their critical role in the splicing process (Choi et al. 1986; Sierakowska et al. 1986 ) may thus be structural, although a more specific role for individual hnRNP proteins is quite possible. Clearly, higher resolution approaches such as immuno-EM are required to address the presence of spe cific hnRNPs, as well as snRNPs, in the particulate and fibrillar regions. It is possible that we have disrupted a particulate hnRNP structure, which is superimposed in vivo on the splicing complexes but is disrupted by the chromatin-spreading conditions (see Fig. 6 in Osheim et al. 1985) . We have found that isolated HeLa hnRNP par ticles dissociate in the spreading solution (L. Mesner and A. Beyer, unpubl.) .
Relationship of the observed structures to structures characterized in in vitro splicing systems
We are able to speculate on the nature and composition of the various structures observed because they are very much as predicted from in vitro splicing systems. The first observable structure related to splicing is a small particle (~10 nm) or irregularity at the 5' sphce site, which is seen in -50% of possible cases before the 3' splice site is synthesized (Figs. 1, 2 , and 5). The most obvious candidate for this particle is Ul snRNP, which associates with the 5' consensus sequence very readily in the nuclear extract in vitro (Mount et al. 1983; Black et al. 1985) . The next structure observed in EM spreads is a ~25-nm particle at the 3' splice junction region. (Re call that we cannot distinguish the branch site from the 3' splice site because each particle covers at least 100 nucleotides of RNA.) Our observation of the 3' sphce region particle as the first stable particle is entirely con sistent with previous findings from in vitro studies that the 3' region is essential for initiating spliceosome as sembly (Frendewey and Keller 1985; Cheng and Abelson 1987; Kramer 1987) , This par ticle can be seen in the earliest cases within -13 sec of synthesis of the 3' splice site and yet, based on its size, probably represents the deposition of more than one component at that site. It is presumably a complex of protein factor(s) (Gerke and Steitz 1986; Tazi et al. 1986; Ruskin et al. 1988 ), U2 snRNP Parker et al. 1987) , and perhaps one or two more snRNPs from among U4, U5, or U6 , with U5 being the most hkely candidate . The observation that it adopts its largest configuration as soon as, or very soon after, it is detected is consistent with in vitro results, indicating that U4, U5, and U6 snRNPs associate simultaneously in the spliceosome , immediately following U2 snRNP binding (Bindereif and Green 1987) . We presume that Ul snRNP is at the 5' splice site and that U4, U5, and U6 do not all segregate to one of the two splice sites. This is based simply on the observation that the two splice junction particles are about the same size (25 nm), which is appropriate for two to three snRNPs plus a few additional protein factors.
There is a stabilization of the 5' splice site-Ul snRNP interaction in vitro, which is dependent on snRNP inter actions with the 3' end of the intron and is represented by a larger RNase Tl-protected RNA fragment (Chabot and Steitz 1987) or an RNAse A-protected fragment (Kramer 1987) on 5' sphce sites. The ultrastructural cor relate to this stabilization is probably the 25-nm particle that forms at the 5' splice site within -40 sec of 3' splice site particle formation (Table 1) . Based on the depen dence of the 5' splice site particle on 3' splice site syn thesis (Figs. 1-3) , we conclude that the 5'-and 3'-sphce site particles observed on dispersed transcripts are prob ably in contact in the cell. Additional components may assemble at the 5' splice site concurrently with 3' splice site particle formation (Bindereif and Green 1987; Kon arska and Sharp 1987; Lamond et al. 1987; Zillmann et al. 1987) ; but may be unstable to our spreading condi tions until Ul snRNP 'stabilization' because Ul snRNP is the only snRNP with appreciable contacts on the 5' splice site RNA (Bindereif and Green 1987) .
The conversion of a linear transcript to a looped struc ture with a single large particle at its base, which is stable to EM spreading conditions, may represent covalent lariat formation between the 5' end of the intron and the branch site A residue. Loop formation is fol lowed within a minute by loop removal ( Table 1 ). The bulk of the spliceosome particle is removed from the na scent transcript (i.e., the spliced exons) upon intron re moval (Figs. 1, 2D, 5D, 6 ) (cf. Konarska and Sharp 1987) .
Kinetics of splice site selection and splicing in vivo
It has been well established in studies of specific RNA processing pathways that different introns are removed with different kinetics and that splicing reactions are typically complete within 3-30 min (Darnell 1982) . The textbook version of RNA processing states that polyadenylation precedes splicing because this has been dem onstrated directly for a number of abundant mRNAs and is assumed for others in which polyadenylated pre cursors, larger than the mRNAs, can be detected (for re view, see Nevins 1983) . It is known that polyadenylation is not a prerequisite to splicing (Zeevi et al. 1981; Green et al. 1983) , that splicing can precede polyadenylation in at least one case (Keohavong et al. 1982; Mariman et al. 1983) , and in another case, the commitment to certain splice sites precedes both polyadenylation and splicing, consistent with cotranscriptional splice site se lection (Leff et al. 1987) . In a comparative study of splicing of pre-mRNAs with mutant splice junctions in vivo and in vitro, Aebi et al. (1986) proposed the 'firstcome-first-served' principle of splice site selection, stating that the order of synthesis of the RNA in vivo favored the formation of committed presplicing com plexes on the introns as they were synthesized. Other comparative studies of splicing in vivo and in vitro can be explained by the coupling of transcription and splice site selection (Kedes and Steitz 1987; Lowery and van Ness 1987) . Thus, our observation of splice site selection and splicing on nascent transcripts (prior to transcript release from the template and thus presumably prior to polyadenylation), is surprising only in the extent to which it is observed (85% of transcription units display RNP particles, 46% display loop formation, and at least 14% display loop removal). There may be a higher per centage of cotranscriptional splicing in these rapidly growing embryos and also an increased likelihood of seeing very long developmental loci (Scott 1987) . In gen eral, the longer the gene, the greater chance there is of seeing intron removal on nascent transcripts, given the -3-min requirement for this class of early splicing events, in which the only rate-limiting step may be the synthesis of the 3' spHce site. One interpretation of our results is that a second rate-Hmiting step operates after partial spliceosome formation in some cases (cf. Chabot and Steitz 1987) , because a large fraction of the genes (38%) display 25-nm particles with no loop formation. If these 25 nm particles represent spliceosome interme diates, our results indicate that the cotranscriptional formation of 'committed presplicing complexes' may be very common, whereas the actual splicing event is much less common on nascent transcripts. Evidence that the 25-nm particles represent a commitment to a splicing pathway comes from observation of two cases of exon skipping in which the skipped splice junctions do not display RNP particles on those transcripts where they are skipped ( Fig. 6; A . Beyer, unpubl) . This obser vation also suggests that the 25-nm particles may be a structural component participating in, or recognized by, a scanning mechanism (Sharp 1981 ) that probably operates to some degree in splice site pairing, although not in any simply explained fashion as yet (for discus sion, see Green 1986; Breitbart et al. 1987) .
The observation of cotranscriptional spliceosome as sembly is important because of its implications con cerning appropriate splice site pairing in transcripts with multiple introns and supports possible roles for splice site proximity (Reed and Maniatis 1986 ) and order of transcription (Aebi et al. 1986 ) in the process. Although there are cases in which the first-come-first-served prin ciple does not apply in vivo (e.g., Mitchell et al. 1986; Marvit et al. 1987 ) and where in vitro splicing of mul tiple introns proceeds accurately on a presynthesized transcript (Lang and Spritz 1987) , it is probably an im portant factor in some situations nonetheless, as pro posed most convincingly by Aebi et al. (1986) . Our ob servations support their explanation for the differences observed between splice site selection in vivo and in vitro and are consistent with a modified first-come-firstserved model, which accommodates different rates of splice site selection, as discussed by Lang and Spritz (1987) . Such a mechanism would tend to suppress exon skipping but would be consistent with non-5' -^ 3' dir ectional orders of intron excision and alternative splicing possibilities. It is quite possible that some in trons are not apparent using our approach because splice site selection is delayed until after polyadenylation. The resolution of such questions requires the visualization of specific genes in chromatin spreads, which we are pur suing using plasmid vector introduction into Drosophila embryos.
Methods
Details of the chromatin spreading procedure (Miller and Beatty 1969) for Drosophila embryos have been described previously (Beyer et al. 1981) . Briefly, 2-to 4-hr-old embryos were man ually dechorionated, transferred to a drop of spreading solution (either HjO at pH 9 or 0.05% Joy detergent at pH 8.5-9), and macerated with forceps. The chromatin was allowed to disperse for 5-15 min, after which it was fixed with formalin and centrifuged onto an EM grid through a 0.1 M sucrose cushion. Grids were stained with phosphotungstic acid and uranyl acetate and then rotary shadow cast with platinum. RNP particle size mea surements were done on metal-shadowed preparations and thus reflect relative, rather than absolute, sizes.
The following procedures have also been described: classifi cation of transcription units as nucleolar or nonnucleolar (McKnight and Miller 1979) , contour length measurement, linear regression analysis, and RNP fibril map construction (see also legend to Fig. 1) (Beyer et al. 1980 (Beyer et al. , 1981 .
The conversion of contour length measurements (micro meters) to molecular size (kilobase pairs) is based on the as sumption that DNA contraction is inversely proportional to RNP fibril frequency and varies on a linear continuum between 3.3 kb/fjLin (the contraction ratio of the fully transcribed rDNA and chorion genes in these preparations) and 4.8 kb/|xm (the contraction ratio of nucleosomal DNA in these preparations) (McKnight and Miller 1979; Osheim et al. 1986) . Examination of the genes with a low transcript density (Fig. 2, 5 , and 6) re veals that nucleosomes are indeed present between RNA poly merase molecules.
